turn-there must be an interaction between these two chambers.
Although methods have been developed for the quantification of right ventricular volumes (Reedy and Chapman, 1963; Gentzler et al., 1974; Boak et al., 1978) , no methods are available to assess the diastolic mechanical properties of the right ventricle in the normal and hypertrophied states. Furthermore, the few isolated heart muscle studies conducted thus far have yielded conflicting results relative to the changes in the mechanical properties of hypertrophied muscle induced by a pressure overload (Kerr et al., 1961; Grimm et al., 1963; Alpert et al., 1974; Bing et al., 1971; Williams and Deiss, 1978) .
Recently, Mirsky and Laks (in press ) developed a geometric model for the heart and examined the time course of stress during the development of MECHANICAL PROPERTY CHANGES IN HYPERTROPHIED MUSCLE/ Mirsky and Laks 531 biventricular hypertrophy due to banding of the dog pulmonary artery. This model has been modified and applied here to assess the mechanical properties of right and left ventricular muscle to answer the following questions:
1. Are there changes in the mechanical properties of muscle that is hypertrophied due to a pressure overload?
2. Are the mechanical properties of normal right and left ventricular muscle similar?
3. What are the important determinants of the right and left ventricular diastolic pressure-volume relations?
4. What may be the appropriate time for surgical/medical intervention in patients with pressureoverloaded ventricles?
Theoretical Considerations

Geometric Model of the Right and Left Ventricles
In the present model we assume the right and left ventricles to be represented by truncated ellipsoids with uniform thicknesses. However, the geometric data for both ventricles are limited and include only the volumes at various pressures, masses, and basal and apical thicknesses at zero pressure. Thus, to determine the semi-major and semi-minor axes of these ellipsoids at various pressures, we assume that the ratios of these semi-axes at the epicardium remain constant during the pressure loading.
Referring to Figure 1 , the equations for the evaluation of the geometric parameters may be written as V L = TTDV-<f 3 / -I-2a/3) 
In these equations, V L , V R , V W L, V W R are, respectively, the cavity volumes and wall volumes of the left and right ventricles, a, b are hemi-axes at the endocardium of the left ventricle, A, B, C are hemiaxes at the epicardium of the left and right ventricles, «f is the truncated length, and the expressions for L, AR(X) are in Appendix 1. The constants /?, S are chosen so as to minimize the errors in the basal thicknesses HBL and HER. A more detailed discussion of the solutions to these equations is given in the Results section. FIGURE 1 Cross-sectional views of the myocardium in the y-z plane (equatorial section) and x-z plane (baseapex) . 6 and <p are, respectively, the circumferential and meridional coordinates. Geometric parameters are defined in the text.
Expressions for Equatorial and Global Average Stresses in the Right and Left Ventricle
Currently, no stress formulae are available for the generalized ellipsoid (three hemi-axes unequal); however, Fliigge (1960) has developed expressions for thin ellipsoids which may be modified by employing the appropriate geometry. In particular, Mirsky (1969) has shown that the Laplace formulae yield reasonable results for the average stresses if one associates endocardial geometry with cavity pressures and epicardial geometry with external pressures as opposed to midwall geometry.
Based on the general expressions developed by Fliigge (1960) , the average circumferential stresses OBN OGL in the right and left ventricles, respectively, at the equator (8 = 0, <p = w/2 Figure 1 
where 6 is the circumferential coordinate; <p is the meridional coordinate measured from the apex; IIR, IIL are the uniform wall thicknesses of the right and left ventricles, respectively; PR, PL are the cavity pressures; Pp is the pericardial/intrapleural pres-532 CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 Symbol 
Glossary
Definition
Hemi-axes at the epicardium of left and right ventricles. Cross-sectional areas of walls of the left and right ventricles, respectively, in the x-z plane (Fig. 1) . Cavity cross-sectional areas of the left and right ventricles, respectively, in the x-z plane. Cross-sectional area of the right ventricular cavity at any distance x from the equator. Midwall semi-major and semi-minor axes of the left ventricle. Midwall hemi-axes of the right ventricle. Semi-major and semi-minor axes of the left ventricular endocardium. Hemi-axes of the right ventricular endocardium. Regression coefficients for an exponential curve fit. Geometric parameters; 0 = <f/A; S = A/B. Incremental modulus (elastic stiffness). Lagrangian strains in the radial and circumferential directions, respectively. Natural strains in the radial and circumferential directions, respectively. Functions of muscle elasticity and geometry of the left and right ventricles, respectively. Fractional surface area of left ventricle acted on by right ventricular pressure. Geometric parameter of the left ventricle. Parameter involving right and left ventricular geometry. Calculated basal thicknesses of the left and right ventricles, respectively ( Fig. 1 . Geometric p a r a m e t e r (Appendix 1). T r u n c a t e d length ( Fig. 1 ). I n s t a n t a n e o u s muscle length. I n s t a n t a n e o u s circumferential m u scle lengths for t h e left and right ventricles, respectively (Eq. 15).
Left ventricular, pericardial/intrapleural, and right ventricular pressures, respectively. Effective external pressure acting on left ventricle P e = fP R + (1-f) P p . Midwall radii of curvature. Midwall radii of curvature of the left and right ventricles, respectively. The radial, circumferential, and meridional coordinates, respectively. Average radial and circumferential stresses at the equator of ellipsoids. Difference of radial and circumferential stresses (a = oe -a r ) Average radial stresses in the left and right ventricles. Midwall circumferential stresses at the equator of left and right ventricles, respectively. Global average stresses in the left and right ventricles, respectively. Cavity volumes of the left and right ventricles, respectively. Wall volumes of the left and right ventricles, respectively. Geometric parameter (Eq. 19). Coordinate axes ( Fig. 1 ). sure; and P e is an effective external pressure acting on the left ventricle. This effective pressure is a weighted function of the right ventricular and pericardia! pressures and is given by
The geometric parameters A, B, C have been defined previously and aR, bR, CR are the hemi-axes of the endocardia! surface of the right ventricle. Associated with these stresses are the average radial stresses (a r ) which are'approximated by where f is the fractional surface area of the left ventricle acted on by the right ventricular pressure. OLR = -P R / 2 -PP/2 (TrL = -P L / 2 -Pe/2. (9) 
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Global average circumferential stresses in the right and left ventricles may be obtained by a balance of forces analysis as described in Appendix 2 with the result
where ACL, A C R are the cavity cross-sectional areas of the right and left ventricles, respectively, and AL, AR are the corresponding cross-sectional areas of the walls (Fig. 1 ). It should be noted here that the septum is regarded primarily as part of the left ventricle, and, therefore, AL includes the cross-sectional area of the septum. Furthermore, the x-z plane (0 = 0) was purposely chosen so as to (1) minimize the effects of localized bending stresses which arise at the junction of the RV free wall and septum and (2) more readily obtain definitions for the circumferential strains.
Expressions for the Stiffness-Stress Relations of the Right and Left Venticles Based on the Incremental Modulus Concept
The earlier models developed by Mirsky and Parmley (1973) and Mirsky et al. (1974) for the quantification of muscle stiffness, although useful, have not been validated experimentally. Recently, Mirsky and Rankin (1979) applied the concept of an incremental modulus to intact heart muscle and obtained a partial experimental validation of the model by comparing stiffness-stress relations obtained from pressure-volume data with those relations for muscle strips excised from the same heart. This analysis is now extended to the case of a generalized ellipsoid of revolution and is similar in principle to the analysis conducted by for the sphere.
Referring to these studies (Mirsky and Rankin, 1979) , the incremental modulus is given approximately by = (3/2)A(a, -a r )/A(ee -e r ) (ID where oe and a r are, respectively, the circumferential and radial stresses, and ee, e r are the corresponding Lagrangian strains. The rationale for this formula is that for an incompressible material, the difference of the stress components (og -a T ) is directly related to the elastic stiffness Mirsky and Rankin, 1979) .
Employing the natural strain definition and assuming that displacements are small over short intervals of stress, the final expression for the incremental modulus takes the form EINC = (3/2)A(j/A(ee -e r ) (3/2)Aa/A(e*N -e rN ) (3/2)Aa/A[(2 + Re/RJew] (12) = KAo/A(log A). In this expression, a = a e -a r , K = (3/2)/(2 + R e / R 9 ), Ae«N = A<fi/<fi, where ^ is an instantaneous length, R# and R,, are the midwall radii of curvature, and we assume that (1) the quantity (2 + Re/R,,) is constant over the pressure range of interest, and (2) changes in the difference of the Lagrangian strains eg, e r are approximated by changes in the difference of the natural strains e«N, erN, i.e. A(e« -e r ) ~ A(e«N -e rN ).
For the particular cases of the left and right ventricles, the radii of curvature at the equators of the prolate spheroids (left ventricle) and general ellipsoid (right ventricle) are given by
where A m L, B m L are midwall semi-major and semiminor axes of the left ventricle and AmR, BmR, CmR are the midwall hemi-axes of the right ventricle.
To compute the changes in the natural strain (ACHM) for the right and left ventricles, we require the instantaneous lengths, /R, & which are given by
where <?R is the elliptical arc-length of the right ventricle in the y -z plane ( Fig. 1 ). Note that the K factors take on the value x k for a sphere (A = B) and % for a cylinder (A -* °°) which agree with exact values (Mirsky, 1973; .
Methods
Experimental Procedure for Pressure-Volume Measurements
Data from the earlier studies of Laks et al. (1967 Laks et al. ( , 1972 are employed here to estimate the parameters of the present model. In these studies, mongrel dogs were intravenously anesthetized with sodium pentobarbital, 27 mg/kg, and the hearts rapidly removed. The pericardium and other tissues were cut away, leaving the atria and ventricles intact. Thus pericardial pressure Pp = 0 in this study. The ventricular inflow tracts were cannulated and heavy cotton sutures tightly tied the atrioventricular 534 CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 groove around the catheters (Vi-inch external bore) through which fluid was pumped simultaneously into the right and left ventricles for approximately 4 seconds. In this manner, pressure-volume relations were recorded simultaneously in both ventricles.
On completion of the experiments, the atria were removed, the ventricles sectioned, and ventricular wall thicknesses measured at the bases and apices. The free lateral walls of the right and left ventricles were separated from the septum and weighed according to the method of Bove et al. (1966) . These studies were performed on normal hearts and on hearts that were hypertrophied as a result of pulmonary artery banding for periods of 2-40 weeks. Banding of the main pulmonary artery was selected since it was a readily reproducible procedure and resulted in the most marked degree of hypertrophy.
All experiments were completed within 30 minutes. However, additional studies were conducted to determine whether or not rigor was present, and it was noted that compliance changes began to take place 40-60 minutes after death. Although no histological studies were conducted, no gross pericardial or epicardial fibrosis was observed.
Solutions for the Geometric Parameters
Solutions to the system of Equations 1-6 are sought in such a manner so as to obtain appropriate values for ft and 8 which would yield the minimum differences between the measured and calculated basal wall thicknesses. The method may be outlined as follows:
1. Values for ft and 8 are chosen beginning with ft = 0 and varying 8 (8 > 1). Eliminating A, B from Equations 2, 5, and 6 results in an expression for t given by i= [/? 3 S 2 (V L + VwiJM/6 -p/Z + 2/3)] 1/3 . (16) Hence A, B are evaluated from the equations
It should be noted that when ft = 0, £ = 0 and A is evaluated from the relation
2. Equations 2 and 3 yield a relation for C, namely,
where 
and the thickness of the left ventricle is thus given by h L = B -b.
(22) 4. It remains now to determine the geometric parameters for the right ventricle. The geometric parameters a R , b R , and CR may be expressed in terms of the right ventricular thickness hR, i.e.,
Hence, with the aid of Appendix 1, the integral relation (4) for VR is expressible in terms of h R only, and its solution is obtained by an iterative method.
5. This analysis is repeated for other values of ft and 8, and an error analysis is conducted for the calculated basal thicknesses HBL, HBR (Fig. 1) in terms of the error functions (1 -HBL/HmL), (1 -
) 1/2 and H mL , HmR are the measured basal thicknesses at zero pressure. The final values for ft and 8 chosen are those resulting in an approximate equalization of the error functions in addition to the sum of the squares of the errors being a minimum. This generally occurs when the errors in HBL and HBR are of the opposite sign.
6. For the evaluation of the geometric parameters at non-zero pressures, we assume that ft and 8 remain constant and the above analysis is repeated.
Results
In their earlier studies, Laks et al. (1967 Laks et al. ( , 1972 obtained simultaneous pressure-volume relations in both ventricles for 10 normal dog hearts and for 8 dog hearts in which the pulmonary artery was banded during periods of 2-40 weeks. Table 1 lists the pressure-volume data for the normal and banded dog hearts. In Table 2 , the geometric parameters ft, 8, wall volumes, and percent errors in the thicknesses are presented for the normal and hypertrophied hearts. Figure 1 displays two cross-sectional views of the right and left ventricular model in the y-z plane (equatorial) and x-z plane (base-apex view). In Figure 2, the right ventricular pressure-volume curves are plotted for the mean of the normal group and for various periods of banding. Employing the pressure-volume data from Table 2 and the stress and stiffness formulae (Eqs. 7-10 and 12) (see Appendix 3 for details), Figure 3 shows the left and right ventricular muscle stiffness-stress relations for the normal and banded groups. Figure 4 displays the stiffness-stress relations for the normal right and left ventricular muscle over common ranges of stress.
The time course of left and right ventricular muscle stiffness at a stress level of 20 g/cm 2 (Fig. 5 , left) and percent increase in right and left ventric- PL and PR (respectively) are the simultaneous pressures (mm Hg) in the left and right ventricles corresponding to ventricular volumes (ml) VL, V K . PB2, PB7, etc., represent the banded hearts for periods of 2, 7, to 40 weeks.
* Data for normal dog 2N were omitted from the statistical analysis since they yielded abnormally high stiffness values and thus rigor was suspected. Dogs 3N and 7N were excluded because of insufficient data.
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CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 FIGURE 2 Right ventricular pressure-volume curves for the average of a normal group (A VN) and banded dog hearts at various periods (PB2-PB40) corresponding to 2-40 weeks. Note that after 2 weeks of banding, the ventricle dilates (shift to the right), and as hypertrophy develops, these curves shift to the left and, eventually, dilation again occurs. ular wall mass (Fig. 5, right) are plotted over the banding period, 0-40 weeks. The stiffness data were curve fitted by exponential functions which gave the best fit in the statistical sense. In Figure 6 , the global average stresses (Formula 10) and volume: mass ratios in the right and left ventricles are displayed as a function of the banding period. Various polynomial curve fits were examined and a third-degree polynomial was determined to yield the best fit in the least squares sense. 
Discussion
As with most mathematical models, several limitations first must be identified:
1. The paucity of geometric data available and the complexity of the geometry of the myocardium necessitated assumptions for left and right ventricular geometry. The geometric data clearly indicate that thicknesses taper from the base to apex and, therefore, the assumption of uniform wall thickness may be questioned. However, similar analyses have been performed with a previous model which assumes tapered thicknesses, and the qualitative results are unaltered (Mirsky and Laks, in press) . No doubt the finite element approach would be more suited for such a problem; however, no model is yet available which could handle this situation of nonaxisymmetric deformations. Furthermore, the prohibitive computer costs involved may outweigh other advantages.
2. Linear elasticity, homogeneity, and isotropy are assumed here to describe the mechanical behavior of cardiac muscle. These assumptions could alter the quantitative results but previous studies indicate that qualitative results are unaltered. In addition, Janz and Waldron (1976) have shown that midwall stiffness-stress relations 
PERIOD OF BANDING (wks)
FIGURE 6 (Left) Time course of wall stress in the right (5 mm Hg) and left ventricles (transmural pressure 10 mm Hg) during the banding period, 2-40 weeks. In both ventricles, wall stresses increase initially to a maxima and then decrease to normal and subnormal levels as wall mass increases, followed by an eventual increase. It is suggested that timing for surgical intervention is more appropriate during the period of wall stress reduction but before subnormal levels of stress are attained. (Right) Volume: mass ratios during the banding period. The time courses are similar to those for the wall stresses. Note that volume: mass ratios at a given pressure may attain normal levels at three stages during hypertrophy and eventual failure and, therefore, may be a useful prognostic index.
are similar for homogeneous and nonhomogeneous materials; however, anisotropy may be an important factor requiring further study. 3. The assumption of constant values for the major/minor axis ratios of the left ventricular epicardium during the pressure loading requires experimental justification, and future studies in animals should include these measurements.
4. The most serious limitation of this study is the paucity of data available. Several data points shown in Figures 5 and 6 are based on single experiments in different dog hearts and, therefore, further justification of the results must come from serial studies, using measurements obtained in vivo, performed in the same dog heart over various periods of banding.
We may now address ourselves to the questions posed earlier. It is clear from Figure 3 that hypertrophy caused by pressure overload in the dog heart resulted in an increase in right and left ventricular muscle stiffness over the stress ranges shown. This is in agreement with a number of previous studies (among others, Alpert et al., 1974; Bing et al., 1971; Ring et al., 1978) . However, the results conflict with those of Kerr et al. (1961) , Grimm et al. (1963), and Williams and Deiss (1978) . Furthermore, the recent clinical studies by Peterson et al. (1978) indicate that, on the average, muscle stiffness remains normal in patients with aortic stenosis although there were isolated cases in which muscle stiffness was abnormal. These studies on animals suggest that these reported variant results may depend on the particular animal model employed, i.e., the mechanical stress may have varied in its rapidity, magnitude, and duration but, more important, muscle mass increase may need to be >50% in order to show stiffness increases.
It always has been assumed that right and left ventricular muscles have similar mechanical properties (Alpert et al., 1974; Bing et al., 1971; Grimm et al., 1963; Kerr et al., 1961) ; however, this has never been quantified. Figure 4 demonstrates that normal right and left ventricular muscle stiffness is not statistically different over the stress range 5-25 g/cm 2 .
In Appendix 3, relationships for the right and left 
where F R (e, g), F L (e, g) are, respectively, functions of muscle elasticity and geometry of the right and left ventricles, GL is a geometry parameter of the left ventricle, and GRL is a parameter involving both right and left ventricular geometry. In the absence of the pericardium (P P = 0), the left ventricular pressure is determined by right ventricular pressure and by left ventricular muscle elasticity and geometry. This is in contrast to right ventricular pressure, which is determined solely by right ventricular muscle elasticity and geometry. However, it must be noted that evaluation of right ventricular geometry depends on knowledge of left ventricular geometry (Eqs. 16-23); hence, an interaction effect occurs even in the absence of a pericardium. With the pericardium intact, however, the dependence of right ventricular pressure on the left ventricle is more in evidence by the presence of the coupling term GRL. Until accurate measurements of pericardial right and left ventricular pressures can be made simultaneously with measurements of right and left ventricular geometry, it will not be possible to assess the relative importance of the individual terms in Expressions 25. However, one might expect that the pericardial pressures play an important role in right or left ventricular volume overload. Figure 5 demonstrates that right and left ventricular muscle stiffness (left) and wall mass (right) increase with the period of banding. These data suggest that the stiffness increases in the right ventricle are more rapid in the early stages relative to the mass increases (2-7 weeks), followed by a leveling off from 7 to 40 weeks. The early increases in stiffness at the 2-and 7-week data points probably are due to collagen being laid down early and occur more rapidly in the right ventricle than in the left ventricle during the early stages of hypertrophy. It has been demonstrated that acute balloon inflation in the main pulmonary artery of the dog for a period of 2 hours results in myofilament fragmentation and a significant decrease in stroke work, minute work, and cardiac output (Adomian et al., 1975) . Therefore, this early increase in right ventricular wall stiffness may be due to myofilament fragmentation which could be the major stimulus to the production of collagen. Note that increases in right ventricular pressures were similar. The other possible explanation for this early onset of change in wall stiffness could be the occurrence of myocardial intra-and extracellular edema. A possible explanation for the progressive increase in stiffness of the myocardium during hypertrophy may be provided in part by the observation that myocardial cellular hypertrophy is associated with the presence of projections of sarcomeres from one cell to the other (Adomian et al., 1974) . These cellular projections, which connect parallel adjacent cells, could account for myocardial cellular hypertrophy creating a stiffer myocardium. Consequently, we consider the presence of myocardial cellular projections or so-called double-intercalated discs a histological marker for pathological hypertrophy (Wikman-Coffelt et al., in press) .
The present results, which demonstrate a progressive increase in muscle stiffness with an increase in muscle mass, are supported in part by the clinical studies of Schwarz et al. (1978) . These investigators showed a significant relation between stiffness and end-diastolic ventricular thickness in patients with valvular disease and, in particular, in patients with aortic stenosis. On the other hand, their biopsy studies, which revealed an increase in cell size, showed no significant correlation between stiffness and extent of fibrosis. One might postulate therefore that, during the early stages of hypertrophy, fibrosis is the important determinant of stiffness, but in the later stages (from clinical data) the increase in muscle mass becomes a more dominant factor.
The hypertrophy of the left ventricle following long-term banding of the pulmonary artery has been postulated to have many causes (Laks et al, 1972) . We recently have considered that norepinephrine release from the pressure overloaded right ventricle may be the significant cause of the left ventricular hypertrophy and, indeed, that norepinephrine may be the agent responsible for initiating the hypertrophic process (Laks and Morady, 1976) . We postulate that a pressure overload to the right ventricle causes a release of norepinephrine which then travels to the left ventricle and results in left ventricular enlargement.
The biphasic patterns of the time course of wall stress and volume:mass ratios in the right and left ventricles depicted in Figure 6 are an important result of this study. Initially there is an increase in wall stress due to dilation of the ventricle until a maximum is reached. This is followed by a decrease to normal and even subnormal levels of stress as a consequence of both wall thickening and reduction of cavity size, and finally the stresses begin to increase again as the ventricles dilate. These results are validated in part by the studies on animals by Sasayama et al. (1976) who showed an initial increase followed by a decrease in stress, and by clinical studies which show that diastolic stresses may be normal, subnormal, or elevated. Figure 6 (right) indicates that the volume:mass ratios display a time course pattern similar to that of the wall stress.
It is of interest to note also in Figure 6 that wall stress and volume:mass ratios at a given pressure may reach normal levels at three points in time during the development of hypertrophy and even-540 CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 tual heart failure. This occurrence of late onset heart failure is consistent with our concept of pathological hypertrophy (Wikman-Coffelt et al., in press) and the concept of Meerson called the "wear and tear" process (Meerson, 1969) . He demonstrated that myocardial cells begin to necrose in the later stage of the hypertrophic process. Necrosis of some muscle fibers would result in a lower total number of sarcomeres; thus, to maintain the same ventricular volume, the remaining sarcomeres would have to increase in length as we have reported to occur in the late state of hypertrophy, 27-40 weeks after constriction of the pulmonary artery .
The present results combined with the clinical studies of Krayenbuehl et al. (1979) , and their unpublished studies with Mirsky, may provide a clue as to the appropriate timing of surgical/medical intervention in patients with pressure-overloaded ventricles. Krayenbuehl et al. (1979) have shown in a number of pre-and postoperative studies in patients with valvular heart disease that prognosis is poor in those patients whose ventricles have overcompensated for wall mass, since their wall masses and volumes were not markedly reduced postoperatively. The recent unpublished studies with Mirsky confirm these conclusions and demonstrate that wall mass alone was an accurate predictor of the prognosis in 80% of patients with valvular heart disease. We therefore hypothesize that an overcompensation for wall mass results in both a reduction in wall stress (before failure occurs) to subnormal levels and an increased muscle stiffness. Thus an appropriate timing for surgery would be during the period of wall stress reduction before such subnormal levels are attained, and the volume: mass ratio at a common pressure level may be a useful prognostic index.
Appendix 1
Expressions for the Quantities L and A R (x)
Referring to Figure 1 , L is the x-coordinate of intersection of the right ventricular endocardium with the left ventricular epicardium, and A R (x) is the cross-sectional area of the right ventricle in the y-z plane at any distance x. These quantities have been defined previously (Mirsky and Laks, in press) , and therefore the final results are presented here.
-( Zl /BX 2 )(l -z,7B 2 X 2 2 ) 1/2 ] -bRc R Xi 2 [arcsin(zi/c R Xi) -W C R X O U -z, 2 /c R X, 2 ) 1/2 ] where a R , b R , CR are the hemi-axes of the right ventricle at the endocardial surface and Xi, X 2 , zi are defined by X! 2 = 1 -x 2 /a R 2 ; X 2 2 = 1 -x 2 /A 2 Zl 2 = c R 2 (B 2 X 2 2 -b R 2 X 1 2 )/(c R 2 -b R 2 ).
A p p e n d i x 2
(1.3)
Global Average Circumferential Right and Left Ventricular Wall Stresses
Consider the forces acting in the circumferential direction in the x-z plane (Fig. 1) and denote the average circumferential stresses in the left and right ventricles by OL and a n , respectively. Thus the force equilibrium equation becomes OLAL + a R A R = P R A C R + PLACL -P P (A R + A CR + A L + ACL) (2.1)
where AL, A R are, respectively, the cross-sectional areas of the walls of the left and right ventricles (shown cross-hatched in Fig. 1 ), and ACL, ACR are the corresponding cavity cross-sectional areas. An additional equation is required to evaluate the stresses <TL, AN, and this is obtained by assuming that the left ventricle is subjected to a cavity pressure PL and an effective external pressure P e . This pressure P e is a weighted function of the right ventricular and pericardial pressures and is given by PeS L = P R S R + PpSp Hence, with the aid of Expressions 7-9 for the right and left ventricular equatorial stresses and Equations 1-15, the stiffness-stress relations may be quantitated for each dog right and left ventricle. Figures 3 and 4 are obtained by computing EINC from Equation 3.4 at common levels of stress for each dog and averaging the values for each group. The pressure-geometry relations for the right and left ventricles may be obtained in the following manner:
From Expressions 7 of the text, the right and left ventricular stresses may be expressed in the form Expressions 3.6 may be rewritten to yield the desired pressure-geometry relations = fP R G L + (1 -F)PPGL + F L (e, g) where FR(e, g), FL(e, g) are, respectively, functions of muscle elasticity and geometry of the right and left ventricles. These expressions enable one to discuss in an analytical manner the coupling between the two ventricles.
